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ABSTRACT 
A program to investigate the effects of variables 
on turbine erosion has been continued. Major em-
phasis has been placed on the origin and propaga-
tion of drops in the turbine. Analytical correla-
tions for the rational prediction of drop size and 
velocity have been utilized and compared to test 
data. The results indicate the influence of the 
aerodynamic and geometric parameters on the damage 
potential. Fluid related parameters have also been 
analyzed, although only one test fluid has been 
used. 
The development of observation techniques, methods 
of evaluation, and the correlation of test data 
with analytical predictions is presented. Recom-
mendations are made for continued testing to study 
the influence of secondary flow, wakes, and separ-
ation, and to define shapes by which adverse geo-
metric effects can be avoided. The location of the 
reversion point and testing with fluids other than 
water to determine the complete influence of the 
factors identified so far is suggested. 
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INTRODUCTION 
The desirability of increasing the efficiency of turbomachinery has made 
it necessary to increase rotational speed over the years. Continual devel-
opment of new, high-strength alloys has made this increase possible. As 
a result, turbines with tip speeds in excess of 2000 ft/sec are now being 
used in many applications. In applications where vapor cycles (Rankine) 
are employed, the higher speeds emphasize the recurring problems of turbine 
blade erosion due to droplet impact. Such applications are found in the 
power industry as well as in the field of space power systems. 
The erosion, resulting from impact between the rapidly moving blade and 
the slow, poorly accelerated drop, has been periodically "solved" by the 
use of better materials, liquid extraction, etc., but the phenomenon has 
never been fully understood nor has it been possible to predict results 
for any particular design. The advent of nuclear-powered steam plants 
where higher speeds and wetter steam are used has revived industrial 
interest, and operation of space power systems using potassium and mercury 
has focused attention in this area. In particular, attention is being 
given to obtaining a better, more basic understanding of drop propagation, 
leading to a method of predicting their presence and giving design infor-
mation which will minimize their erosive effects. Consideration is being 
given to steam turbines and to units using liquid metal vapors (potassium, 
mercury). Thus, the results being obtained will find utility in both 
commercial, steam-oriented powerplants and in the power systems planned 
for space use. 
As part of the overall effort to define the causes and effects of turbine 
erosion, a program has been under way at Rocketdyne under NASA sponsorship 
to study the variables affecting the erosion process. During the initial 
efforts, reported in Ref. 1, the basic impact and damage mechanism on 
the turbine blades was studied. Tests were made with steam to determine 
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the size, velocity, and origin of drops propagating through a typical stage 
of a space power turbine. Test conditions were chosen to simulate the pas-
sage of potassium vapor through the same turbine stage so that correlation 
with potassium-vapor experiments would be possible in the future. High-
speed photographs were obtained of the vapor flow to evaluate the erosion 
hazard to turbine blades. 
To evaluate material characteristics, turbine blades made of four different 
materials were run in the same wheel. Comparative weight-loss data and 
rate-of-loss data permit evaluation based on material properties. 
The second phase of the program, reported herein, was concerned with the 
identification of the nondimensional parameters which govern the origin 
and propagation of damaging drops. A comprehensive test program has been 
undertaken to investigate the effects of stator blade shape, rotor blade 
shape, and variation in test conditions. Simultaneously, an analytical 
program has been utilized and correlations with predicted results have 
been made. The analytical model, developed under a companion contract at 
Westinghouse Astronuclear Laboratories (Ref. 2 ), follows the vapor from 
the entrance of the first-stage nozzle through to the turbine exit. Ex-
pansion and condensate formation, deposition and movement of moisture on 
the stator blade surface, stripping of droplets from the stator blade 
trailing edges, droplet trajectories and breakup, and impact with the 
rotor blades, are all formulated quantitatively; erosive removal of rotor 
blade material has also been investigated. 
The formation of moisture and its motion along the blades and casing are 
being investigated experimentally with a steam turbine at Rocketdyne. 
The use of steam as the working fluid permits visualization with high-
speed photography. The tests are designed to explore the nondimensional 
groups that govern the thermo-, hydro-, and aerodynamics of the turbine 
erosion process.
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Results have been very encouraging. Good definition of droplets moving 
between the stator and rotor has been possible and the size of these drop-
lets agrees with predicted values. The results also show that blades 
which are short (length less than 2 inches), such as will be used in space 
oriented machinery, are more susceptible-to damage by erosion because the 
drops occupy a larger percentage of the blade passage. Furthermore, dimen-
sions are more critical so that the same absolute material loss is much 
more significant. However, the reasons for the presence of the drops and 
possible avenues of approach to the prevention of their damage potential 
are opened by the greater understanding which has come about. 
Data generated as a result of these technology efforts are being coordinated 
with a test program where a two-stage and a three-stage potassium vapor 
turbine are being operated by General Electric. In tests completed, 
the two-stage machine showed negligible erosion after operating for 
5000 hours with about 3.5-percent moisture; the three-stage turbine has 
been under test using vapor with approximately 10-percent moisture. Dis-
assembly of the turbine after 1351 hours revealed blade damage. It is 
not clear to what extent the damage is due to impact erosion although 
this mechanism was present. Complete evaluation of the results has not 
been completed at this time. 
The foundation being laid by these programs promises to enable the engineer 
to predict the possibility of damage due to erosive action in future de-
signs. This will permit better, longer-lived machines to be operated both 
in conventional power-generating stations and in space systems. 
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TEST PROGRAM 
TEST LOOP 
A steam facility was provided for this program by Rocketdyne. The facility 
was described in Ref. 1 . The normal operating conditions are 
Steam flow, lb/hr
	 1100 
Boiler pressure, psia	 470 
Boiler quality, percent	 99.6 
Condenser pressure, psia
	 2 to 5 
Test turbine inlet pressure, psia
	 10 to 25 
To achieve the appropriate test turbine inlet conditions, an expansion 
turbine was installed to provide one stage of expansion prior to intro-
duction of steam to the test turbine. Testing during the initial phase 
of the program had Shown that large amounts of liquid were being carried 
over from the expansion turbine to the test turbine. It was concluded 
that-a modified exhaust housing and connecting pipe incorporating baffles 
and drains would reduce the amount of carryover and result in uniform 
steam at the inlet to the test turbine. These modifications are detailed 
in Ref. 3 and 4. 
The modifications made included a larger exhaust housing, a centrally 
placed takeoff, knife-edged drains in the connecting pipe, and a more 
effective water pickoff in the test turbine inlet. Figure 1 shows 
-. the final configuration ised. 
These modifications proved to be very effective. Any moisture contacting 
the pipe walls due to centrifuging or change of direction was removed. 
In fact the collectors were so effective that quality levels below 99.5 
percent were difficult to obtain at the test turbine inlet.
THROTTLING 
CALORIMETER
VIEW PORTS (2) 
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I	 I	 .1 
TO EXHAUST 
SYSTEM 
Figure 1. Inlet Piping Erosion Test Turbine
As described in Ref. 3 and 4 some modifications were made to the expan-
sion turbine involving the water lubricated journal bearings and turbine 
end water seal. This modified turbopump has now completed over 600 hours 
of operation at speeds up to 28000 rpm. During this time, literally 
hundreds of stops and starts have been accomplished. The turbine is 
loaded by means of two pumps, one supplying water to the test turbine 
brake and the other moving water through a heat exchanger. With the 
severe service which this unit has undergone, there has been no overhaul 
required in the turbopump. 
TEST INSTRUMENTATION 
To obtain values of the vapor quality at the turbine inlet, a calorimeter 
is required. Because the pressure levels used are close to atmospheric, 
an ordinary throttling calorimeter cannot be used. An attempt was made 
to use a superheating calorimeter, but this proved unreliable. Therefore, 
a modified throttling calorimeter exhausting to the condenser was installed. 
Tests were made using this calorimeter and repeatable results were obtained 
Because the principle of operation for a throttling calorimeter is well 
understood and extremely simple, the results can be used with confidence. 
Typical measurements will be discussed later, and test data observations 
are given in the appendix. 
TEST TURBINE 
The two-stage test turbine used in the early phases of the turbine ero-
sion program is described in Ref. 1. This assembly was designed to 
operate with water lubricated journal bearings. Because the water lub-
ricant tended to flood the bearing area causing splashing which inter-
fered with the viewing area, consideration was given to installing anti-
friction bearings. 
As the test program developed, the desirability of utilizing more of 
the viewing area by including the first-stage rotor became evident. 
Therefore, a rework was instituted. Figure 2 shows the first turbine 
assembly.
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Figure 2. Erosion Test Turbine

Assembly
The journal bearings were replaced by grease-packed, stainless-steel 
antifriction bearings. In the rework process, the turbine rotor was dis-
placed axially to expose the first-stage rotor. Light ports were added 
to the casing to permit direct back-lighting of the area under observation. 
The change in bearings eliminated the need for a separate thrust bearing. 
A power-absorbing terry-type turbine was added to the shaft to permit 
varying the turbine loading. This has proved very useful in test. 
The modifications provide a very successful test vehicle. Even though 
exposed to a steam environment, the bearings have been very reliable. 
Usually the bottom bearing requires regreasing every 4 to 5 hours of 
high-speed operation. This is well within the test teardown cycle. The 
top bearing requires service less frequently, every 10 to 15 hours.
STATOR BLADE SHAPES 
The original test work on the erosion program (Ref. 1 ) had been done 
using an existing stator.blade originally designed for a potassium turbine. 
As testing progressed, a blade design developed at General Electric for 
use in the third stage of a three-stage potassium turbine was made avail-
able. It was felt that it would be beneficial to use this shape as a 
basic point of departure because it would provide data for use by General 
Electric as well as making some comparison between water and potassium 
data possible as testing progressed in the two laboratories. Figure 3 
shows the original blade shape, and Table 1 lists the key geometric para.-
meters. Figure 4 is the mid-section shape of the G.E. blade. Its geo-
metric parameters are also listed in Table 1 
TABLE 1 
BLADE SHAPE PARAMETERS 
(All	 -	 T.-.,.i..,.\ 
- Trailing 
Nose Chord Edge 
Blade Spacing, 
S
Wi1th, Parameter, Radius, Length, Thickness, 
Designation r c tk 
Ro cketdyne 
Potassium 0.97 0.85 0.51 0.30 1.33 0.035 
General Electric 
(Third Stage) 0.670 0
.837 0.322 0.125 1.10 0.015
In designing a new stator block for the test program, steps were taken 
to investigate the influence of various geometric constants. Analysis 
shows that the amount of liquid which will deposit on the stator blade 
is dependent on its geometry. Therefore, six variations of the basic 
G.E. blade were chosen to make it possible to investigate these effects. 
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Figure 3. Contour of Stator of Rocketdyne
Turbine at Mid—Plane 
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L = 0. 125
Figure i. Blade No. 1 
12
Collection of Liquid on Stator Blade.s 
In Ref. 5, an equation for, the amount of moisture deposited on a blade 
is given. Adapted for the stator, with normal inlet angle it reads 
PLDVVL (1+2,53 Kn) (PVDVV)( 
1 - x )[b + Gb=	 18	 X	
r 
The total vapor flow per blade passage is 
G =p SLV V	 V V 
making the total condensate flow 
GL_pv	 X /
	
v 
vsat 
G- x) siv 
The fraction of moisture collected on the blades is then 
= Gb/GL 
'L	 1 D  (1+2.53 
= [(Pv)satj - 
(Re) [b +
	
18	
) 
which is a function of a number of dimensionless ratios. The density 
ratio,	 can-be considered as the ratio of the force resist-
ing motion (weight) to the driving force (drag). The parameter, $/W, 
is a measure of the stream turning, and is a geometric parameter. The 
Reynolds and Knudson numbers are conventional parameters dependent on 
the flow conditions.
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If all fluid related quantities are kept constant, the collection effici
-
ency becomes a function of the geometric terms, 
17 = ()(b +a_) 
where b relates to the collection of moisture on the blade nose and a is 
a function of collection on the concave surface. Systematic variation 
of geometry should then reveal the effects of the turning rate ($/Wr) 
the nose radius (related to b), and the spacing (s). 
Effect of Turning Rate. The geometric parameter, ($/Wr) is related to 
the amount of stream turning as can be seen in Fig. 5 . Decreasing the 
amount of turning decreases $ and the flatter droplet trajectory causes 
fewer drops to be captured (C is smaller). A smaller value of W  results 
in faster turning and greater capture rates. 
It has been suggested that this effect can be exploited to determine if 
inertial collection is the predominant mechanism of moisture collection 
(as opposed to direct condensation on the walls or the diffusion of drop-
lets). If a blade of constant profile is rotated, the value of $ will 
increase while W  decreases, providing a significant change in $/Wr 
,constructinga new nozzle block for the test turbine, such rotation was 
used, as discussed below. 
Effect of Nose Radius. To determine the effect of nose radius on overall 
collection, provisions were made for blades with three different radii 
to be tested. 
Effect of Spacing. The absolute amount of liquid collected on each blade 
concave surface is constant if the spacing, S, exceeds the intercept dis-
tance of the limiting pathline, C, as shown in Fig, 5 . Because this 
was always the case for test conditions in the test turbine, no provisions 
for spacing change were made on the nozzle block used.
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Effect of Inlet Angle. For the stator, it is very difficult to provide 
a stream flow other than in the axial direction. Therefore, even if the 
blades are turned, the value of the inlet angle will not change appreciably. 
Blade Design 
As discussed previously, the General Electric design for the third-stage 
stator of the potassium turbine was used as the basic design of the new 
stator block. Five variations of this shape were also considered to per-
mit the evaluation of geometric parameters. Table 2 lists the pertinent 
parameters for the six blades, and Fig. 6 through 10 shows the blade 
shapes. In each case, the flow passage width has been kept as nearly 
constant as possible to permit evaluation on a basis of constant vapor 
flow. 
Blade No. 1 is the basic G.E. blade shape. For Blade No. 2, the nose 
radius has been increased by 50 percent and for Blade No. 3 it has been 
halved, but for both blades the width and chord length have been held 
constant. Blade shapes 3, 4, 5, and 6 are identical but the blade has 
been rotated to vary the turning angle; i.e.,	 as indicated in the 
table.
TABLE 2 
BLADE SHAPE PARAMETERS 
Blade 
Number
Spacing, 
S
Width, 
r
Parameter, 
$
Nose 
Radius, 
r /	 r 
1	 (basic) 0.670 0.837 0.322 0.125 0.385 
2 0.760 0.837 0.335 0.188 0.400 
3 0.585 0.837 0.330 0.063 0.394 
4 0,760 0.720 0,350 0.063 0.487 
5 0.640 0.800 0.332 0.063 0.416 
6 0.525 0.880 0.325 0.063 0.369
16 
L = 0.18
Figure 6. Blade No. 2 
17
L = 0.063
Figure 7. Blade No. 3 
18
L = 0.063
Figure 8. Blade No. 4 
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L = 0. 063
Figure 9. Blade No. 5 
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L = o. o63
25 
25 
Figure 10. Blade No. 6 
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In designing the stator block, it was possible to place five each of all 
six shapes on one disk, thereby reducing construction costs. Figure 11 
shows the disk and Fig. 12, 13, and 14 show the six blade shapes. To 
achieve proper distribution of the blades, the pitch diameter had to be 
designed to be slightly larger than the disk diameter; i.e. , the spacing 
between blades in somewhat smaller than in the G.E. design. However, a 
check made at Westinghouse (Ref. 2) showed this change to have negligible 
effect on velocity results.
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5AG37-2/ 1/68-ciD 
Figure 12. Blade Shape 1 (Top) and 2 (Bottom) 
RIA
5AG37-.2/l/68--C1C 
Figure 13. Blade Shape 3 (Top) and 4 (Bottom) 
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ZAL
5AG37-2/l/68—CIE 
Figure 11 . Blade Shape 5 (Top) and 6 (Bottom) 
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ROTOR BLADE SHAPES 
One of the fundamental reasons for the study of variables responsible for 
turbine erosion is the determination of the potential damage which can 
occur on rotor blades. During the first portion of this program, blade 
erosion was studied and tests were run with various materials to determine 
what material properties are related to material damage. Results of these 
tests are discussed in Ref. 1 . In the present program, the formation 
and the conditions which cause formation of drops has been under investigation. 
Damaging Drop Impact Velocity 
In the previous section, an equation which defines the amount of moisture 
deposited on and collected on a stator blade of a turbine has been pre-
sented. This moisture can be expected to leave the stator blade in the 
direction of the main vapor flow, but with a smaller absolute velocity. 
The impact of these drops with the rotor will now be discussed. Figure 
15 shows the pertinent geometry. 
Velocity triangle considerations dictate that the drop will impinge on 
the rotor blade at an angle OD	 The blade area over which the drops 
impinge is L11 I and, from the data of Pearson and Fentress (Ref. 6) the 
velocity component normal to that area is responsible for damage, 
G	 U 2.5 
= K 2.5  
This normal component of liD is 
w = ii	 e 
n	 D 
and it is evident that it would be desirable to express Was a function 
of the fluid parameters and the geometry of the turbine. 
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Figure 15. Drop Impingement Convention and Blade Geometry 
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From the law of cosines, 
WD = VD  + U2 - 2VDU cos 
where VD is the absolute velocity of the drop at impact. 
Depending on the separation between the rotor and stator, VD may take 
any value between zero and V 1 . Pouchot Ref. 7 , has shown this velocity 
to be functionally dependent on a number of nondimensional parameters 
VD X1 tk pSV v c V 
Vv 
l3 1 s's' C M o v 
which may be written as 
VD 
Vl5(S' 
I"x Mvvv 
p\ 
v 
S
PL v c c
M'1v	 Vs 
a' V 
V 'p V '	
s 
when some simplifying assumptions are made. In this equation, 
15 
in 
essence expresses the amount of acceleration experienced by the drop 
from the time it leaves the stator (x' = o) until it arrives at the rotor. 
Solution of these equations makes it possible to determine the normal 
component of the impingement velocity. The value of cos 0 must be expressed 
in known terms. From geometry, 
cos = cos jil - (PD +F sin	 + 
U Vv 
=v- ii- '-v-• sin 
D v \
	
v,
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Therefore
W	 V (
-	 _x
\r) 
U	 W
V	 V 
The relationship between V and WV can be expressed as the law of cosines 
W2 =v2+u2_2vuCos 
so that
W
Pvvv Pv.	 sin aN 
a 
 
U	
S615 (2SLc	
a	 P 
For small 01  
W	 I 
U	
015 (2SLc
aN 
or 'c)(i—) 
This equation may be compared to Eq. 15 of Ref. 8 where only the first 
term appears, as it would if turbine geometry and speed ratio were held 
constant. 
Impact of Drops on Rotor 
It may be assumed that droplets freshly condensed while passing through 
the stator will 'leave with a velocity nearly equal to the vapor velocity 
(V) and will not impact on the rotor suction surface. Drops collected 
on the stator will be stripped and will : leave with a velocity less than 
V, . Velocity vector considerations shown in Fig. 15 show that the impact 
will occur over a length, LD, delineated by the shadowing of the previous 
blade.
The length, LD, is dependent on drop velocity, diameter, etc., but consid-
ering only the drop of mean size, all the moisture collected on the stator 
can be assumed to impinge on the rotor. 
The total liquid collected by the stator is GbNS. It impacts on an area 
J.LNR. Therefore, collection per unit area of the rotor is 
/ GbN ) /N\ %S) / \ 
= 
The ratio La/S can be found from geometry to be 
LD	
tan $D 
S = sin j6 + tan fl cos 
which differs from the equation given in Ref. 8 . The solution in terms 
of velocities is
W	 w 
S	 .V 
VD 
From test data and measurements, this last equation can be used to determine 
S615.
 
Special Impact Rotor 
Turbine erosion theory (e.g., Ref. 6 ) postulates that it is the normal 
component of the droplet velocity which must exceed the threshold velocity 
to cause damage. Normal blade designs seek to minimize this component, 
thereby reducing damage. In this test program it is of interest to maxi-
mize it, thereby enhancing the observation of erosion. A blade design has 
been selected (Fig. 16) which presents a nearly normal impact face to the 
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droplets. It must be understodd that there is no attempt being made here 
to design an efficient blade; the observation of impact is the primary 
criterion. 
Because the majority of impact occurs inside the impact zone as shown in 
Fig. 16, the blade spacing has been maximized to allow a larger surface to 
be exposed to droplet impingement. Figure 17 shows the expected relative 
angle of water and steam as they contact the blade surface. 
The extreme contour selected for this blade may result in secondary flow 
zones causing damage not related to impact. Two modified forms of the 
erosion blade have also been included on the wheel. Figure 18 shows these 
shapes and Fig. 19 shows the location of the various shapes on the wheel. 
Figure 20 is a photograph of the rotor with closeups of the blades shown in 
Fig. 21, 22 and 23. Fabrication is of aluminum to reduce the threshold 
velocity to 300 ft/sec. Results of tests with this rotor are presented 
in a later section of this report.
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Figure 17, Velocity Triangles 
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D rIWptLt 
1 C ,, PROFILE 
Figure 18. Erosion Blading, Second—Stage, "B" and "C" Profile
OUR BLADES 
ER SECTION 
Figure 19. Blade Arrangement, Second-Stage Turbine Wheel 
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Figure 20. Second—Stage Rotor, Erosion Design 
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DATA ACQUISITION TECHNIQUES 
One of the major tasks in this program was to observe and record the for-
mation and propagation of drops in the turbine under typical conditions. 
The requirement is to provide a window through which these observations 
can be made and to provide adequate instruments to record the data. 
It was decided early in the program to use photography as much as pos-
sible for evaluation. High-speed motion pictures afford a good. chance 
to record key results. In addition, the use of pulsed light to shutter 
the camera was considered. This led to the attempt to use a laser for 
multiple short-duration light flashes. These techniques will be discussed 
below. 
The use of a probe to measure drop size and frequency was considered. 
No such instrument was available although various types could have been 
adapted. Instead, a simple two-wire probe was designed and utilized. 
Its development will also be discussed below. 
The requirement for optional evaluation led to the design of a number of 
windows which would permit observation without fogging or extraneous 
moisture to mask results. Design information on these windows will also 
be presented. 
WINDOW DESIGNS 
It was evident early in the program that steps would have to be taken to 
provide a window which would stay transparent under test conditions. The 
main difficulty to be anticipated was that vapor would condense on the 
window, preventing clear observation, and that drops would impinge on 
the window causing streaks and streamers.
During the first phase of the program, attempts had been made to blow 
hot vapor and/or hot air across the plastic window, but this proved to 
be inadequate. However, significant observations could be made even 
through the fine condensate layer unless wetness was very great. The 
impinged drops moving across the window proved to be the major factor 
masking test results. 
Modifications were made to the window geometry. A series of channels were 
installed on the window to divert droplets generated at all but the noz-
zle of observation. The general arrangement of these channels is shown 
in Fig. 2. All droplets propagating along the window outside the chan-
nel area are diverted without affecting the main body of steam. 
The effectiveness of the dams can be observed in Fig. 25. The area 
inside the channels is relatively free of drops in the area of the noz-
zle trailing edge. Further downstream, some drops from the previous 
nozzles do appear because of impingement due to the curvature of the 
window. However, the area of greatest viewing interest is clear. 
To eliminate the drops propagating along the window, a step was machined 
into the window. This step prevents drops formed upstream from mov-
ing across the viewing area. It has the added advantage of simulating 
a step found in the casing of the General Electric turbine. Figure 26 
shows the configuration of the step. Its use proved very beneficial and 
excellent results were obtained when it was used. 
The best configuration developed consisted of a circular hole cut in the 
window with a flat transparent section at one end. Originally intended 
to eliminate possible distortion, this arrangement gave consistently 
good results. Figure 27 shows an early version. It was found that 
water tended to accumulate in the hole. By adding a heated extension 
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I.06 
0. 125 
Figure 2. Installation of Channel Sections on Turbine Window
Figure 25. Droplet Impingement with 
Channels Installed 
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STEAM FLOW 
1 FIRST-STAGE NOZZLE 
STEPPED\  PLASTIC AREA	 WINDOW	 LFIRST-STAGE TURBINE WHEEL 
SHARP	 SECOND-STAGE CORNER	 NOZZLE 
VIEW AREA ____10 	 0.050-INCH STEP
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Figure 26. Cross Section of Test Turbine Showing 
Stepped Window
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TOP VIEW EXISTING PLASTIC VIEW WINDOW 
CAMERA VIEW AREA 
APPROXIMATELY SAME 
AS SHOWN IN FIG. 1 
Figure 27. Glass Viewing Window 
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tube (Fig. 28) the moisture was mostly re-evaporated and the flat window 
was placed so far outside the depth of the field of view that no distor-
tion or droplets could be observed in the films. Figure 29 is typical 
of the results obtained with the heated tube. 
DROPLET COUNTING PROBE 
A simple droplet counting probe utilizing two wires spaced a known dis-
tance apart was developed to provide a means of determining the size and 
number of drops leaving the trailing edge of a turbine stator. 
The principle of operation provides that a d-c potential is set up 
between the two probewires. A drop contacting both wires simultaneously 
causes a current to flow and sensitive electronic equipment detects and 
records this current flow. Counting these recordings yields the number 
of drops larger than the wire spacing in the stream. By varying the 
spacing, a droplet distribution can be obtained. Tests have shown that 
the output from the probe system is largely independent of the type of 
fluid used. Even fluids with good electrical insulating properties have 
produced satisfactory results. Tests have also shown that an optimum 
ratio of spacing to wire diameter exists. Good results are obtained if 
the space between the wires is approximately equal to the wire diameter, 
the best operating point being somewhat dependent on both vapor and drop 
velocity at the time of impact. 
To. prove the concept, a bench test using a large spacing (35 0 microns) 
and large-diameter wire was made. Figure 30 shows a sequence of drops 
impacting on the probe wires. A second test using a miniaturized setup 
with 75-micron wires spaced 200 microns apart is shown in Fig. 31. To 
identify the counting signal and correlate with drop contact, high-speed 
motion pictures were taken of the drops and of a strobe light set to 
flash whenever a count signal was generated. In Fig. 31, a drop contact-
ing the probe is shown and the light can be seen approximately i frames 
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MASTIC WINDOW 
INNER SURFACE 
STATOR BLADE
WATER DROPS J 
FRONT VIEW 
HEATER CABLE 
ALUMINUM TUBE
GLASS WINDOW 
CAMERA 
Figure 28. Axial View of Erosion Test Turbine Showing Device for 
Providing Clear Photographic Window 
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Figure 29. Typical Record of Drops With Heated-Tube 
Window
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IMPACT OF PRECEDING DROP 
APPROACH 
IMPACT 
DISINTEGRATION 
IMPACT OF NEXT DROP 
TIME BETWEEN FRAMES 
IS 620 MICROSECONDS 
Figure 30. Fastax Pictures of Drop Registration 
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APPROACH 
IMPACT 
75 MICRONS 
C -
STRIPPING
TIME BETWEEN FRAMES 
IS 475 MICROSECONDS 
FLASH (L FRAMES DELAY) 
Figure 31. Fastax Pictures of Drop Registration With Flash 
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after the contact. This is caused by a 2-millisecond delay introduced 
by the system electronics. Additional calibration of the probe system 
was accomplished by the use of high-speed photography and the use of 
droplets of a known size and number. 
After completion of the bench tests, probes were fabricated using com-
mercially available sheathed thermocouples. Various sizes were procured, 
as shown in Fig. 32. In this configuration the wires were unsupported, 
and results showed that an end effect was present, probably because of 
water collection where the wires enter the insulation. Oscillation and 
breakaway of this water caused a variation in droplet count. This con-
dition was eliminated by separating the wires as they leave the insula-
tion, maintaining the required spacing over the rest of the wire. The 
center probe of Fig. 33 shows this first modification. Fastax pictures 
of this probe indicated excessive vibration under conditions existing 
in the test turbine because of the unsupported length. To eliminate 
vibration, a modified version of the two-wire probe incorporating a sup-
porting ring was fabricated (Fig. 33). This version has proved to be 
successful. 
The 100-micron probe with the support ring was installed near the trail-
ing edge of a blade in the second-stage stator. Initial tests indicated 
good repeatability of counts under similar turbine operating conditions. 
However, the number of drops recorded was lower than expected. 
A detailed study of the wave form, produced by droplet impact on the 
probe, indicated that not all impacting drops were being counted. This 
was primarily due to the sensitivity of the electronic components. To 
improve the sensitivity, amplificat.ionwas increased but this resulted 
in outside signal interference which was isolated and eliminated by 
shielding. Further tests indicated that the probe also produced an inde-
pendent electromotive force output which was, in many cases, greater than 
the voltage produced by droplet impact. This was eliminated by the 
installation of an isolation transformer in the probe circuit. 
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rv TLJt 
	
Spacing, microns 250
	
200	 60	 30 
Wire Diameter, 
microns	 280	 152	 76	 38 
Figure 32. Droplet Counting Probes 
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100 THS 
11111 1 iiIiiii ii 
Spacing,	 100	 100	 200 
microns 
Wire Diameter,	 76	 38	 152 
microns
Figure 33. Reworked Droplet Counting Probes 
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The combination of components used in the electronic counting system is 
shown in Fig. 34. The various signals from different locations in the 
system are displayed on the oscilloscope. A typical trace is shown in 
Fig. 35. 
Examination of these four traces shows that the count, taken from trace 
No. 4, exists every time the amplified signal decays through a reference 
line. Therefore, every drop is counted unless a second drop impacts 
prior to decay through zero. Calibration shows this to occur about 10 
percent of the time so that recorded droplet counts should be increased 
by 10 percent. 
Testing with the modified probe and circuit has resulted in good data, 
as shown in Fig. 36 through 40. In Fig. 36, the average curves for each 
test series have been combined for comparison purposes. These curves 
are based on data shown in Fig. 37 through 40 for four levels of turbine 
inlet pressure. Because many data points were obtained, only the average 
value and the data range are shown in these figures. The repeatability 
appears to be good, and consistent trends are observed. 
As will be shown later, when the turbine exhaust pressure is raised 
(at constant inlet pressure), the calculated maximum drop diameter de-
creases. Therefore, a two-wire probe with fixed spacing should stop re-
cording drops when this critical diameter is less than the spacing dis-
tance. The locus of such cutoff points based on these considerations is 
also shown in Fig. 36, for a critical spacing of 100 and 75 microns. 
Nominal spacing of the probe used for the test series was 100 microns. 
The results indicate data points above the 100-micron line, but little 
titdta were obtiiidäbove t hë 75 iiilcron cutoTfrine. flis possible 
that drops smaller than the spacing may be recorded because the assump-
tion of spherical drops is not correct. 
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FOUR TRACE SCOPE
TRACE INPUT NO. 1 
SWITCH 
TRACE INPUT 
NO. 21 L^=-,ROB E
 
BATTERY 
ISOLATION TRANSFORMER 
AMPLIFIER 
TRACE INPUT NO. 3
FREQUENCY 
CONVERTER 
TRACE INPUT NO. e
COUNTER 
Figure 34. Electronic System for Droplet Counting Probe 
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1.0 
0.1 
Transformer 2 
Probe	 1 
Output Trace	 Vert. Scale 
Location No.	 volts/cm 
Frequency 
Converter 4	 50.0
Amplifier	 3	 10.0	 -
Time, 5 milliseconds/centimeter 
Figure 35. Typical Scope Trace, Droplet Counting Probe System 
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Figure 37. Counting Probe Test Data, 8.4 psia Inlet 
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Figure 38.. Counting Probe Test Data, 9.4 psia Inlet 
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Figure 39. Counting Probe Test Data, 11.3 psia Inlet 
6000 
• 5000 
z
4000 
3000 
2000 
1000 
0
AVERAGE 
Mw
8
- TURBINE EXHAUST PRESSURE, PSIA 
Figure h O. Counting Probe Test Data, 15.8 psia Inlet 
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A comparison of the drop count with the moisture content in the vapor 
was made. Assuming an average drop size: the mass of liquid in the drops 
represents 5 percent of the water coolant in the wet steam. This appears 
to be a reasonable value when consideration is given to the number of 
drops smaller than the critical diameter being carried in the free stream 
and to the moisture collected on the passage walls and carried past the 
probe.
['Ii
LASER LIGHT SOURCE 
To better understand the nondimensional parameters which govern the forma-
tion and propagation of droplets in a steam turbine, an intimate knowledge 
of the droplet behavior is required. This requires recording the motion 
of droplets occurring with velocities in the range of 1000 to 2000 ft/sec. 
It is obvious that high-speed recording of the events is required. 
During the first phase of this program, the use of ultra-high-speed photog-
raphy was proposed. The work of Ellis and Fourney (Ref. 9 ) opened up 
the possibility of using laser light pulsing to obtain short-duration 
exposures of sufficient intensity for recording. In the system envisioned, 
a Beckman-Whitley streak camera is used with a pulsing ruby laser as a 
light source. In this manner, five successive pictures spaced a few micro-
seconds apart can be obtained. The use of the Beckman-Whitley camera 
with the pulsed laser beam permits the framing rate to reach 200,000 
frames/second. This allows multiframe viewing of droplets traveling at 
speeds to 4000 ft/sec which is 3 to 4 times the maximum expected drop 
velocity. In all of the photographs taken by this method, droplets are 
viewed with direct back-lighting by the laser beam. 
Considerable effort has been expended in an effort to make this system 
operate. Some relatively successful pictures have been obtained. How-
ever, the success being obtained with conventional photography, coupled 
with the cost of developing the complete laser system* removed the urgency 
of its ultimate development. 
The general camera setup is shown in Fig. 41. Light passes through the 
turbine housing through glass and plastic cover ports. The viewing area 
is located at the trailing edge of the stator as shown in Fig. 42. A 
0.010-inch-diameter wire is used for focus and reference purposes. 
*In the Statement of Work defining the laser development task, a fixed 
number of manhours to be expended was defined. It was recognized that 
the system might not work at all and that funds should be limited. The 
level of success achieved made the expenditure worth while. 
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The speed of the rotating mirror in the camera moves the light beam across 
the film at 15,000 ft/sec. At this speed, even the relatively short dura-
tion of the light pulse (50 nanoseconds) allows the image to "wipe" the 
film surface for a distance of 0.009 inches (225 microns) thereby causing 
an image blur in the direction of mirror rotation as shown in Fig. 43. 
Framing of successive pictures is obtained by imposing a 5-microsecond 
delay between laser pulses. Figure 44 is a typical film strip taken under 
these conditions. Figure 45 shows a reconstructed curve of light intensity 
versus time for the same photograph. The variation in exposure from one 
frame to the next is caused by a nonuniform peak energy release per pulse 
which in turn relates to imperfections in the ruby crystal and to the 
limitations in pulse control equipment. 
The successful operation of the laser photographic' system depends largely 
on the electronic control of the Kerr cell. In operation, the laser re-
ceives a properly syncronied fire pulse from the rotating camera mirror. 
- This permits the xenon pump lamp to raise the energy of the ruby to a 
level where lasing action can occur. The Kerr cell, which is placed in 
the laser cavity (i.e., between the reflecting mirrors) shifts the phase 
of a portion of the light passing through the cell, thereby preventing 
spontaneous laser action for a given pump lamp input. By controlling 
the high voltage bias to the Kerr cell, the charged ruby can be held in 
a ready state for a short period of time. By alternating the bias voltage 
of the cell between a high and low level, controlled bursts of laser light 
can be produced. Proper adjustment of the frequency and duration of high 
voltage pulses will result in the desired spacing between frames. 
To-de-term-i-ne-the-e-f-f-ec-t-otbe-test-setup,_the_laserpulethecurived 
plastic window, and the rotation of the camera mirror on the quality of 
the image, a series of test photographs was obtained. The camera views 
an area leaving the trailing edge as shown in Fig. 42. Samples of the 
resultant pictures are shown in Fig. 46 to 50 . Test conditions are given 
in Table 3 and in the legend under each picture. 
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Figure 43. Schematic of Laser Imaging
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Pr
Figure 46. Nozzle Exit and 10-mil Wire--Incandescent 
Backlighting, No Window, Mirror not 
Rotating 
Figure 47. Nozzle Exit and 10-mu Wire--Laser Back-
lighting, No Window, No Steam, Mirror 
not Rotating
68
VA 
Figure 48. Nozzle Exit and 10-mu Wire--Laser Back-
lighting, Window, No Steam, Mirror 
not Rotating 
Figure 49. Nozzle Exit and 10-mu Wire--Laser Back-
lighting, Window, Steam Flowing, Mirror 
not Rotating
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Figure 50. Nozzle Exit and 10—wil Wire--Laser Backlighting, 
Window, Steam Flowing, Mirror Ratating 
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TABLE 3

TEST CONDITIONS, LASER CHECKOUT SERIES 
Figure 
No. Light Window
Steam 
Flow
Mirror 
Rotating 
46 Incandescent No No No 
47 Laser No No No 
48 Laser Yes No No 
49 Laser Yes Yes Yes 
50 Laser Yes Yes Yes
When the mirror is not rotating, the image of the wire is sharp and clear, 
although the presence of the window and steam does result in some degrada-
tion of the clarity. With the rotation of the mirror; the "wiping" effect 
previously discussed is pronounced; the vertical wire continues to be well 
defined because it is in the direction of mirror motion. The amount of 
motion due to mirror rotation in the 50 nanoseconds that the laser light 
is on is approximately equal to the wire diameter as shown by the dis-
placement of recognizable points. 
While the problems relating to mirror rotation remain, the pictures being 
obtained are remarkably free of the diffraction patterns previously noted 
here and in other laboratories (e.g., Ref. 10). 
Careful scrutiny of the images recorded shows dark areas, elongated by 
mirror rotation, which probably are drops in flight. Thse drops measure 
from 100 to 150 microns in diameter, which correspond to values which 
would be predicted for the particular operating conditions. The contrast 
available in these photographs is insufficient to obtain clear reproduc-
tions for report purposes, and no pictures are included of this series. 
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To increase the probability of seeing a drop in flight and thereby assist 
in aligning the camera, an air and water mixture was injected just upstream 
of the viewing area and in the direction of normal steam flow. Figure 12 
shows the relative position of the second-stage nozzles, the 10-mu (250 
micron) wire and the field of view. Figure 51 shows three 50-nanosecond 
exposures, 5 microseconds apart (200,000 frames/second). Many droplets 
in the size range of 100 to 200 microns are observed, and some drops as 
small as 25 microns are readily distinguished. The "wiping motion" caused 
by the movement of the mirror is present and tends to detract from the 
clarity of the photograph. 
It is not surprising that drops can only be seen in a few of the pictures 
obtained to date. An estimate has been made of the probability of seeing 
a drop in any individual exposure of 50-nanosecond duration. Assuming 
that all moisture consists of drops 100 microns in diameter and that all 
moisture in any one passage passes through the field of view and can be 
recorded, only 1 in 30 or 40 frames will reveal a drop. This can be seen 
in detail in Fig. 52. It would, therefore, be necessary to obtain many 
exposures before good correlations can be completed. 
As a result of work related to Surveyor photography, NASA, through its 
facilities at JPL, has at its disposal techniques for clarifying and 
augmenting pictures. The process has been demonstrated on such diverse 
problems as moon photographs and skull X-rays. By computer techniques, 
motion can be eliminated and scanning for certain basic shapes (e.g., 
spheres) can be attempted. After that, augmentation is introduced to 
amplify the image. Consideration was given to using this technique to 
clarify the laser photographs, but scheduling problems prevented a con-
summation of this effort.
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10—mil Wire at Nozzle Exit; 
Laser Back Lighting, Injected 
Water, No Window, No Steam, 
Mirror Rotating
C 
o
0 
C.) 
E-4 
Figure 51. Laser Pulsed Lighting Sequence (Exposure Time - 
50 microseconds, Time Interval - 5 microseconds) 
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The results obtained with the laser have been encouraging even if the 
quality of pictures has not been quite as good as expected. Image motion, 
number of available drops, depth of field, and window distortion have all 
combined to limit the quality of the pictures obtained. However, the 
results show that with additional effort, good pictures can be obtained. 
STROBOSCOPIC LIGHT SOURCE 
The problems associated with the clear definition of droplet size and 
number with laser and Fastax photography has lead to the development of 
other techniques to obtain the desired results. One of the more promis-
ing photographic developments is the combination of still photography 
with xenon stroboscopic light source. 
Figure 53 shows a typical photograph using stroboscopic back lighting 
and continuous front lighting; a water and air mixture is being injected 
for initial setup and focusing. Droplets on the order of 25 microns are 
easily discernable. In this particular setup, the droplet velocity is 
low and the shutter speed is set so that three strobe flashes of half—
microsecond duration occur during the exposure. Figure 54 utilizes the 
same setup without front lighting. 
A number of pictures have been obtained with this method. However, be-
cause the best overall results have been available when Fastax movies 
were used, only limited use has been made of the still photography 
technique.
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Figure 53. Still Photograph; Shutter Speed 1/200 of a 
Second, Strobe Frequency 60 cps, 10-mil Wire, 
Strobe Back Light, Continuous Front Light, 
Injected Water, and No Window 
Figure 54. Still Photograph; Shutter Speed 1/200 of a 
Second, Strobe Frequency 60 cps, 10-mil Wire, 
Strobe Back Light, Injected Water, and No Window 
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Figure 55 shows an enlargement of a typical photograph taken with a still 
camera and strobe backlighting. The lines are scribed on the original 
photograph before enlargement and represent an area 1/8 inch on a side 
(0.0156 in. ). These lines serve to define the area and to aid in drop-
let counting. 
For the purpose of analyzing the data, the droplets visible in the photo-
graph are assumed to be in contact with the viewing window. This assump-
tion is based on a photographic series in which the plane of focus was 
varied in very small increments. The series indicated that the drops 
visible in Fig. 55 correspond to a focal plane on the inside of the win-
dow. To assist in analysis, it is assumed the drops being seen take the 
form of a hemisphere. The measured diameter of the hemisphere can then 
be converted to the diameter of an equivalent volume sphere. 
HIGH-SPEED PHOTOGRAPHY 
Most of the pictures obtained in the test program were taken using high-
speed (Fastax) ( photography. The Fastax camera operates as a streak camera 
with a pulsed xenon light source, resulting in a inaxirnuni of about 6000 
exposuresper second. The xenon light has a flash duration of 0.5 micro-
seconds which is fast enough to eliminate all camera motion and most 
droplet motion under 500 ft/sec. 
Advantages with this type of recording include the use of color film and 
the ability to observe movement through the motion picture technique. It 
is also possible to observe some portion of a phenomenon which is not con-
tinuous and which might well be missed if single exposures were being 
obtained. The system is flexible enough to use either front or back-
lighting depending on the results desired. 
Another photographic technique (designated "slip-sync") which utilizes 
stroboscopic pulsing was tried. This technique was originally developed 
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22X 
Steam Flow 
Direction
Steam Conditions: 1 7. 0-psia Turbine Inlet 
5.9-psia Turbine Exhaust 
Figure 55. Typical Photograph Showing Water Droplets 
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to observe cavitation on pump impellers in the Rocketdyne 'water tunnel. 
The stroboscopic light is triggered by shaft rotation and synchronizes 
with the camera shutter. In this way, conventional 24 frame-per-second 
photography is utilized. The high speed xenon light source described 
above is used with this system. Figure 56 shows a typical picture ob-
tained with this technique. 
The object of the test was to observe a particular blade for individual 
drop/blade impacts. In essence, this technique provides individual (as 
opposed to sequential) pictures of the same blade. Therefore, slip-sync 
photography is best applied in specialized situations and, as long as 
very satisfactory results are being obtained with the Fastax system, 
concentration was . maintained on improved Fastax photography. 
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4 
Figure 56. hiSlip_Sync? Photographic Sequence 
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ANALYTICAL C 0E1LAP IONS 
It has been pointed out that the origin of drops within the turbine is 
twofold. Primarily, drops occur because of condensation of the vapor 
resulting in submicron sized droplets which are propagated with the vapor 
flow. These droplets are not expected to be harmful because 
1. They propagate at (or nearly at) free-stream velocity 
2. They are extremely small 
As long as the droplet velocity vector matches the vapor velocity vector, 
impact with the turbine rotor blade will be avoided; or will be on the 
leading edge; or will be with a small normal component. Figure 57a illus-
trates this point. 
The submicron sized drops do deposit on surfaces in the turbine. There 
they grow and agglomerate, resulting eventually in drops which do cause 
damage. It is known that these shed drops are much larger than the con-
densed drops (100 to 1000 microns) and that their absolute velocity is 
small. Therefore, their velocity vector relative to the rotor blades is 
large and in the wrong direction, causing severe impact with the rotor. 
This is illustrated in Fig. 57b. The observation of these drops, their 
origin, size, and impact, is part of the objectives of this program. 
In this section, the analytical correlations relating to the way these drops 
strip and propagate within the turbine will be discussed. Both the casing 
and blade surfaces will be considered. 
STABILITY—OF—FLUE) FILMS
A review of the factors which influence the formation of droplets in the 
nozzle of a steam turbine was performed. If these factors can be better 
understood, a formulation of the pertinent nondimensional parameters 
governing the flow would be possible and this would make correlation and 
prediction of effects in other turbines easier. 
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VV 
A. VAPOR AND SMALL DROP
V Vd< V 
B. LARGE DROP 
Figure 57. Drop Velocity Diagram 
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A considerable body of literature has been built up over the last decade 
on two-phase flow. Unfortunately, the attention has been on boiling in 
nuclear reactors placing the emphasis on the low-quality range of the 
spectrum. 
Perhaps the most widely quoted work on the concurrent flow of liquid and 
gas is that of Baker (Ref. 11). He was able to develop a mapping which 
separates various flow regimes based on the two flow parameters G/A and 
(L/G) X I' 
where
G = gas flow per unit pipe area, lb/hr-ft2 
L = liquid flow per unit pipe area, lb/hr-ft2 
A = density correction factor 
1/2 
-	 L	 G 
-	 62.3 0.075 
= surface tension correction factor 
1/3 
- II	 . /62.3\2 
- L l.0tPL) 
PL
 = density of liquid, lb/ft3

= density of gas, lb/ft3 
= liquid surface tension, dy/cm 
P L = liquid viscosity, centipoise 
it-i-s--ev-iden-ttha-t-,k-and-are_1whengtandard_airanwaterareused.
 
The flow regimes of interest to the analysis are shown in Fig. 58 and 59. 
While at least one of these parameters has the form of a. dimensionless 
grouping, no justification for their use is developed by Baker or by 
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Holmes (Ref. 12), who proposed them initially, However, Baker's mapping 
(Fig. 58) appears to have some validity, especially in channels of a size 
and shape of those used by Baker in his survey. 
Baker's analysis was concerned with flow in the oil pipeline industry, 
where the influence of gravity-type flow (pipe partially full) is of 
importance. This accounts for his concern with stratified and wave flow. 
It is likely that in turbine nozzles, gravity forces will not be as im-
portant relative to surface tension, viscous, and inertia forces and map-
pings for flow in vertical tubes will be more to the point. Also, close 
inspection of Baker's map (Fig. 58) reveals some behavior that may not 
be met in practice. For example, stratified flow where the liquid occupies 
part of the channel presenting a flat surface exists over a very large range 
of liquid and gas flow. If gas flow is held constant (say at G/A = 103) 
and liquid flow increases, stratified flow with
	 iiijjjfaëis 
said to exist over many decades of the abscissa. The flow then transforms 
to plug flow without ever having become wave flow. Transition from wave flow 
to annular flow does not need to pass through a slug type of operation; and 
the transition of fog to bubble flow appears too precipitous. 
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A curve attributed to Kozlov (Ref. 13) for the flow in vertical tubes is 
shown in Fig. 60. This curve is taken from Fig. 20 of Ref. hi. It is of 
interest to note that fog flow exists to the left of annular flow in this 
mapping. Figures 58 and 60 are directly comparable because X and kb in 
Baker's map are 1 when water-air mixtures are used. These data and others 
currently being reviewed will be discussed below. 
In Ref. 5, Chi has attempted to estimate the flow regime in the housing 
portion of the potassium and cesium turbine now under analysis under 
Contract NA S7-390 by using Baker's data. To apply Baker's data, the 
following assumption must be made: 
1. Uniform flow in channel 
2. No influence from turbine 
3. No significant vorticity 
It is doubtful that these assumptions are valid between stages. However, 
to obtain some level of comparison with the liquid metal data calculated 
by Chi, an estimate for the steam turbine was made. This shows the flow 
to be located well within the stratified flow regime, just as predicted 
by Chi for the potassium and cesium turbine. Observations made in the 
steam turbine confirm this. 
It is likely that the Baker analysis is more applicable to the flow in 
the nozzle passages where more uniform conditions prevail. The major 
assumptions here are that size and shape of the passage have minor influ-
ence. These can be combined into the hydraulic diameter, which for the 
steam nozzles is approximately 0.25 inch and compares to values between 
0.5 and 10 inches used by Baker, indicating that the value approaches 
the lower limit of his references. In the steam case, Baker's map shows 
that the flow is located in the wave flow regime. Observations made to 
date do not confirm this although isolated puddles with ripples on them 
have been observed (Fig. 61). Using the data given in Ref. 5, the 
potassium and cesium turbines would have nozzle flow located in the 
annular and fog regimes as shown in Fig. 58.
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PARAMETRIC ANALYSIS OF FLOW 
A close inspection of the seven flow regimes defined by Baker (Ref. ii), 
as shown in Fig. 58, reveals three basic flow patterns: (1) bubble flow 
with discrete gas pockets (bubble and plug flow), (2) slug flow where a 
free surface exists (stratified, wavy, and slug flow), and (3) annular 
flow with a liquid film around the periphery and a mist in the center (in 
pure mist flow, the annular thickness approaches zero). This view is 
given by Tong (Ref. 15), who also separates the flow into these regions. 
It is likely that a nondimensional analysis of the flow will involve a 
characteristic length and a characteristic velocity. If it is assumed 
that the dimension is related to the length of the gas-liquid interface 
in any cross section and the velocity to the relati've value between gas 
and liquid, it can be seen (Table 1) that the three distinct groupings 
again occur. 
For the flow in the steam turbine, only the annular flow regime is of 
interest because steam quality-will be large. It would, therefore, be 
of interest to identify the transition from annular-mist to annular flow, 
that is, the transition between mist flow and when a liquid film first 
appears. It will also be of interest to see when drops will be entrained 
by the vapor. 
In Ref. 15, the critical steam velocity at which water droplet entrainment 
from the wall film becomes significant is given as 
V* = 155(J-
1/2 /
	 \l/	 1 Ix  
where
X = steam quality 
D11 = hydraulic diameter
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TABLE ik 
FLOW CHARACTERISTICS 
Flow 
Regime
Visual 
Representation
Relative 
Velocity
Characteristic 
Length 
Bubble d Low nlTd 
Plug Low niTd 
W 
Stratified Medium kD 
Wave Medium kD 
Slug Medium kD 
Annular 6 High 
Spray High nlTô
n = number of drops or babbles 
k = constant
90 
Note that the constant is not dimensionless and equals 1 55 fth/"+/sec 
(r 115 m1/sec). The ratio X/1-x is G/L in the Baker plot (Fig. 58). 
If this equation is rearranged, 
*2	 Dh/2 p (v ) D 
	
v v	 H	 (155)2 H
g 
or
We 	
= 750 D11h/2 
H 
In other words, the transition from annular to annular-mist flow occurs 
when the nondimensional-parameter Weber number equals the product of a 
dimensional constant and the square root of the hydraulic diameter. 
In Fig. 62 the critical entrainment velocity is presented as a function of 
steam quality when the hydraulic diameter equals 0.02 feet. It can be seen 
that the velocity in the steam nozzle will almost always be greater than 
the critical velocity indicating entrainment of droplets if a liquid film 
exists. 
Whether a liquid film exists should be determined by mappings such as 
Baker's. Unfortunately, very little agreement exists- between various 
investigators and the results attributed to three investigators will be 
discussed here. In Ref. 15, the equation for the transition between 
various flows measured by Koslov (Ref. 13) is given. For the change from 
annular to mist flow 
	
QG	
= 0.85 (Fr)002 ,  
For steam quality greater than 1 percent, the volume flowrates 
- 1.0 
QG+
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and the Froude number 
V 
Fr =j;: 
= 60 
For the geometry of the steam turbine nozzles, this equation can be rewritten 
as total flow as a function of quality and can be plotted as shown in Fig. 
63. For comparison Baker's curve has also been included in this figure. 
Chien and Thele (Ref. 16) present data showing the transition from annular 
to annular-mist flow to occur when 
(Re)G (' 0.301 = 1.199 x 106 
where
(Re )G = Reynolds number for gas 
4 
= 7rDPG 
(Re ) L = Reynolds number for liquid 
- 4 
- lTD/IL 
This equation can be rewritten and plotted on Fig. 63 for comparison for 
the air/water system. 
Analysis of Fig. 63 reveals some interesting facts. The three air/water 
curve s--ag-ree-_verywal 1in_the1owqua1 ity_range4X<2p ). At  
large quality, Kozlov's curve is very low. This lack of agreement would 
indicate that nondimensionalization used (Froude or Reynolds number) alone 
is inadequate. Figure 63 also shows that in the range of flows expected 
in the steam turbine, flow is well above the steam curves in the mist-flow 
regime. Comparing to Baker's curve yields the erroneous conclusion that 
film flow exists.
93
(.4 
I-
U-
=	 I'., 
-J 
I-
L) 0 
-J Ui 
f-n 
f-I) 
-J 
I-
o	 4 
I- Jo
'I 
06
I	 I 
I	 IEHAKD	 I 
I A I R/WATER, I 
I	 IBELE I 
I	 I	 I 
I	 STEAM TESTS I 
KOZL6V 
RIWA
 
ROZLO 
STEAfl
 .
SIA 
'<OZLOV
	 I 1T2P 
10	 • 
0 10	 20	 30	 40	 50	 60	 70	 80	 90 
QUALITY (x) POUND OF GAS OR VAPOR FLOW 
POUND OF TOTAL FLOW
1LI1,J 
Figure 63. Flow Pattern Transition, Annular to Dispersed Flow 
94
DROPLET ATOMIZATION 
It has already been pointed out that the drops which will be the cause 
of erosive damage will result from stripping from stationary surfaces in 
the turbine. These drops will be large, and will have the wrong velocity 
vector. Because the material damage which will be done will be related 
to the energy potential of the drop, it is of importance to be able to 
predict how these drops will behave. 
It is generally agreed that the drops generated in this way (i.e., by 
primary atomization) will have a spectrum of sizes, the nature of the 
drop size distribution being another interest area discussed in a later 
section. However, there is good reason to believe that a maximum drop 
size can be defined. This means that drops larger than this critical 
size will become unstable in the stream and will disintegrate, a process 
known as secondary atomization. For this to occur, a set of compatible 
physical conditions and sufficient time must exist. Part of the effort 
reported here has been spent in attempting to define these conditions. 
In this section, various proposed correlation criteria will be examined. 
Their evaluation will be presented in a later section. 
Considerable work has been done over the years (and has been reported in 
the literature) on how drops behave in high-speed streams. Unfortunately, 
there is little agreement between various authors, and the methods of 
analysis and correlation are varied. Two ways in which secondary atomiza-
tion occurs appear to exist. Lane, in Ref. 17, describes these in detail. 
Under relatively steady conditions of a drop falling down the axis of a 
small vertical wind tunnel, the drop was seen to become increasingly flat-
tened, and at a critical velocity of the air it was blown out into the 
form of a hollow bag attached to a roughly circular rim. Bursting of 
this bag produced a shower of very fine droplets, and the rim, which con-
tained at least 70 percent of the mass of the original spherical drop, 
broke up later into much larger drops, 
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Some excellent photographs of this process are shown in Ref. 17. When 
drops were exposed to a fast air blast, the breakup was changed. Instead 
of the drop being blown out into a thin hollow bag anchored to a rim, it 
is deformed in the opposite direction and presents a convex surface to 
the flow of air. The edges of the saucer shape are drawn out into a thin 
sheet and then into fine filaments which in turn break up into droplets. 
Hanson, et al. (Ref. 18) also observed bag-type breakup of drops, but in 
their case under air blast (transient) conditions. They concluded that 
a velocity greatly in excess of the critical value was needed for the 
saucer-type of breakup. Their results can then be placed somewhere be-
tween the two sets of Lane's date. Reference 18 also has excellent pic-
tures of the process. 
Hinze (Ref. 19) has discussed the influence of the viscosity on the drop 
breakup. It has often been assumed that drop breakup should be controlled 
by the dynamic and surface-tension forces which would yield a nondirnen-
sional parameter referred to as Weber Number. In Ref. 19, Hinze shows 
that for a nonviscous fluid this is true and the critical value of the 
Weber number is 13 for the "true shock exposure" case, rising to 22 for 
a steadily falling drop. These numbers were subsequently quoted by 
Gardner (Ref. 20) without the necessary qualification regardirg viscosity 
and have been incorporated into much of the thinking in erosion work. 
Hinze, however, has postulated that viscous forces are also of importance, 
raising the acquired dynamic forces for breakup, or 
(We)i t = (We)it (i + P (Vi) )
A=0 
where
(We) crit = critical Weber number for no viscosity 
/1=0  
Vi = viscosity number = P. XJPD 0 D 
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The functional relationship, p (Vi) is not given but a series of data 
points from laboratory experiments are shown. Figure 64 is taken from 
Fig. 1 of Ref. 19. If a curve is fitted to these data points, the follow-
ing relation results 
(We)it = 13.0 (i + Vi) 
It is also evident that when Vi becomes large (Vi >2), the critical Weber 
numbers becomes very large, that is the required aerodynamic forces must 
be great to cause disruption. 
For the steam/water system, the value of the viscosity parameter to be 
expected is on the order of 0.01. Therefore, the viscosity effect can be 
neglected in this case and Hinze's data indicate that 
(We) . =K
crit 
or
Ka 
Dit 
= P 5 
may be used to calculate the critical drop diameter. 
This equation was initially used by Pouchot in his analysis (Ref. 21). 
Subsequently, a more detailed analysis was done (Ref. 2 ) which resulted 
in the equation
/UM \l.16 
(We)	 =K( D 
crit	 0' 
or
1.16 
Dcrit = K(PU.so.l6
97
$ I	 I	 I	 I I I I
JU 
; 0.1 
0.0
1.0	 2.0	 3.0 
(We) cr1 t 
(We); 
A1-0 
Figure 64. Influence of Viscosity Index on Critical Weber 
Number (Adapted from Hinze) 
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The value of K was shown to vary with steam temperature(pressure). An 
average value of 12. 1* was suggested. Subsequently, in Ref. 22. it was 
pointed out that this relationship is not completely satisfactory because 
it indicates a spray which becomes "less and less uniform as the atomiza-
tion forces (velocity) become larger." Furthermore, the equation suggests 
that critical diameter (i.e., the largest diameter which drops may have 
before disruption by the gas stream) becomes larger as.surface tension 
forces increase. This, too, is unsatisfactory. 
A review of the origin of the equation is instructive. Smith, et al. 
(Ref.23 ) originally presented data to show a correlation between criti-
cal Weber number and Mach number. 
We.= 65 (Ma) 1. 16 
while Weiss and Worsham (Ref. 21*) concluded that 
1u')2/3 (1 1000
	 WpDYM 1/12 
We = 0. 61ç	
D ) ( L4 ) 
from experiments on wax drops. Pouchot simplified this equation to 
We =	 UAD 
(_^) 
and attempted to bring this equation into accord,with the Mach number re-
lation arriving finally at 
1.16 
We = K —
It is probably logical to ignore all terms except the first in the Weiss-
Worsham equation for this analysis. The term (1 + 1000p\/PD) will fall 
between 1.0 and 1.2 for the test range considered, and all quantities 
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except !.LD in the last term remain nearly constant as long as one fluid 
is used exclusively. This effect can be studied later for its results. 
Considering only the simplified Weiss-Worsham formula, 
/3 
We = K' (
U^ 
results in a critical drop diameter 
/al/3 2/3)
AD  
D .t =K' 
cri
\v 
In this relation, the effect of surface tension is in the right direction, 
higher surface tension resulting in larger drops, and the velocity effect 
produces a spray in consonance with the mean diameter relationship pre-
sented by Wolfe and Andersen (Ref. 25). 
A later correlation suggested by Pouchot (Ref. 2 ) is 
MU \7/6 L 1/6 
We Sb! = 
K (X-- )	
(a) 
which results in 
D
[1/3P1/3M1/6a1/6 (Lag" ]	 1/6 
crit	
[	 '6	
) 
V 
Here the stability criterion 
S	
MD 
b 
=	
a
100
has been introduced. This number is, of course, similar to the viscosity 
parameter, Vi, used by Hinze except that the trailing-edge thickness, a, 
has been substituted for the drop diameter. 
A number of other correlation criteria have also been proposed in the 
literature. Smith's equation (Ref. 23) 
(We)it = 65 (Ma )16	 4 
or
D . = 65 
crit	 1.16	 0.84
a	 p 
	
0	 V U 
has already been indicated. In Ref. 26, Spies and Cooke summarized data 
showing these correlations: 
(We)	 =K	 D	 =K 
crit	 crit 
(:We	
-K	 D	 =K	
a2 T - 
Re
c ri t	
crit
 
(We Re)  
crit 
Re = K
\/ a4 
Dent = K pu31'2 
D= KV 
crit 
	
P  
The various criteria discussed in this section are tabulated in Table 5 
In Fig. 65, the variation of critical drop size for each equation is 
given for a set of test conditions for purposes of comparison. The appli-
cability of the various equations will be discussed in relation to the 
available teat data in a later section of this report. 
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TABLE 5 
TABULATION OF CORRELATING CRITERIA 
Criterion
Critical 
Drop Size Reference 
(We)	 .	 =K 
crit D	 . crit K
a 26 
(U^	
.16 
(We)	 = 
crit K
D	
=K( 
crit
pi. i6	 \ 
PVU084c706)
21 
(We)	 = 
crit K 
()1.16 D	 = 
crit K
(	
1.16	 0 84
)
23  
a 
/a5/12	 i/ ()2/3
D	 \ (We)	 =K 
crit Dcrit K u4/3p	 )
24 
1000 p\
	 Dv" (p W) 1/12
 
D	 )4 )
2/3\ 
D	 \ (We)	 = 
crit K a / Dcrii = K
(ff/3
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2	 1/6
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PD (We)	
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crit
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GEOTRIC INFLUENCE ON ATOMIZATION 
Hinze, Ref. 19, discusses the influence of flow geometry on the atomization 
process. in particular, the difference between parallel flow and flow with 
rotation is discussed. In parallel flow, breakup proceeds as described 
by Lane and quoted above as bag-type breakup. However, when the flow con-
tains rotation, breakup proceeds by elongation of the drop in a cigar-
wise fashion causing eventual disruption. It may be expected that the 
maximum stable drop size is different in these two cases. Unfortunately, 
no quantitative data are available. 
It is not unlikely that the flow in the turbine is not purely one of 
parallel flow. For this reason, a more complete evaluation of Hinze's 
observations appears desirable. 
The effects of wake influence are also of importance. Varijen (Ref. 27) 
has estimated these effects using the equation 
=	
y..l6 
(We)	 l2.1i (U^
 
c ri t 
on potassium and cesium systems. The critical Weber number must be 
modified by taking into account the extent of the trailing-edge dead 
space in units of chord length, E. The resulting equation is 
We = 12.4[
U	
(i - 0.131J+ 0.025)]
OIL	 0 
Up to this time, correlations discussed in Ref.2 have, in fact, assumed 
E=a• 0 
Data for steam have been calculated to permit comparison to Varljen's 
data. Figures 66 through 68 show the Weber number at steam temperatures 
of 141 F 0 psia), 177 F (7psia), and 193 F 1 10 psia) for various free-
steam velocities. Comparing to Fig. 4 and 5 of Ref. 27 shows that 141 F 
steam is almost identical to 2700 R cesium. 
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The maximum stable drop size has also been calculated for steam and is 
presented in Fig. 69 which is similar to Fig. 6 and 7 of Ref. 27 . It 
should be noted that the effect of going from a spacing C of 10 to 10_i 
is much greater than the effect of going from 10_i to infinity. For small 
turbines, ( is expected to be large because the chord is small so that 
the use of C =cowill not introduce large errors. 
Figures 66 through 69 are presented in 'a form comphrable to the data of 
Ref. 27 . For test correlation, the critical drop size can be shown as 
a function of test conditions as in Fig. 70 or 71 where C = co has been 
used. For other values of E, the drop diameter values must be multiplied 
by
0.13
	
]1.16 
I 1 -
	 + 0 
or
E
o Multiplier 
lo 0.150 
lO_2 0.252 
10 
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DROPLET DISTRIBUTION STUDY 
The object of this study is to obtain correlation between droplet size 
and volume distribution as obtained from test results and that predicted 
by theory. 
The equation for droplet number distribution as given in Ref. 29 is 
dN	 2 -bD cLD aD 8 
where
b	 = (5/n)(1/1)) 
a	 = constant 
m = mean particle size 
The Dumber of droplets in the size range D 1 to D is given by N 
aI
2 2 -bD	 2	
= 
'
D1 0
	
dD which is an open integral and has to be integrated 
as a power series. Therefore 
bD  3+n b2D (3f2 ) -
	 I D2 N = a[r - (3+n) + 2 !(3+2ii)	 D 
Similarly, the droplet volume distribution is given by: 
dV ira 5 -bD" 
dD6 0 e 
and the volume of droplets in the size range D1 to 02 is given by the 
expression v = lra.C2 D5 e 	 dO = 
ira 1 D6 bD'	 b2D2) 
	
- (n) + 2 (2n)	 •] 2 
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A computer program was written to numerically compute the values of the 
above integrals and the influence of the constant "fl" was investigated. 
Figure 72 shows the effect of n on the distribution based on a size in-
tervalof 20 microns. 
It can be seen that the effect of varying "n' is very small. The equa-
tions are greatly simplified if a value of n = 1 is assumed. 	 Then 
= 2 -bD 
dD 
and
ED N =
 fD2 D2 e_b) dD 
which is a closed integral and results in the following expression for 
the number of droplets between defined size limits D and D1: 
AN = a[ — i -e1	 D2 +
	
1D2 2 
b 
The total number of drops in the spray is given by integrating the above 
expression between the limits 0 and oo which gives 
N = F' AN = 2a/b3 
Thus, the number of droplets which exist between defined size limits as 
a percentage of the total number of drops is readily evaluated. 
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1
A similar procedure may be used to calculate the volume distribution of 
droplets. The equation is 
AV	 -bD	 1D 1	 120 =
	 1-- 	 I 5 +	 +	 +	 + 2	 +	 ç +
	 ] Dl 
Also the total volume in the spray is given by 
V =E, AV = (7ra) . 120 
making it possible to calculate the percentage volume contained within a 
droplet size range. 
For a sample set of test conditions the maximum stable drop size is 180 
microns. Calculations were made to evaluate the theoretical number and 
volume of drops between 75 and 180 microns. The output is shown in 
Table 6 . Using a value of n equal to unity shows that 53 percent of the 
number of drops and 21 percent of the volume of drops lie between 75 and 
180 microns. These numbers appear to be compatible with observed values. 
In Fig. 73 a set of test data obtained from photographs such as Fig. 55 
is shown. The similarity of this curve to Fig.. 72 is evident. 
CORRELATION WITH POTASSIUM 
A considerable body of data on turbine blade erosion is being obtained in 
relation to the space power program, especially with turbines using potas-
sium. The data generated in the Rocketdyne program are structured to be 
of value to the turbine design engineer in general, but the data is of 
most immediate interest for the space hardware. 
When the original steam test conditions werel chosen, an attempt was made 
to provide results which would be similar to those expected in the potas-
sium program. However, because the nondimensional parameters which would 
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TABLE 6
TYPICAL COMPUTER OUTPUT, DROPLET DISTRIBUTION 
Size Number/a Del Del/Tot n =	 1.0 
75 42216.9 42216.9 23.7931 223 
180 136110. 93893.1 52.9175% 223
Size	 Volume/()
	
Del
	
Del/Tot 
75	 7.18659 E 9
	
7.18659 E 9	 .760908
	
223 
180	 2.08258 E 11
	
2.01071 E 11
	
21.2892%
	
223 
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provide the scaling factors were unknown, the effect of various correlating 
parameters could only be compared. It is, therefore, of interest to re-
view the parameters listed in Table 5. 
In Ref. 1, the drop size predicted by some of the criteria was discussed. 
Potassium at 1160 F and steam at 130 F were chosen as the design condi-
tion. The comparative results obtained are little affected by changes 
in these temperatures. 
In Table 7, the ratio of predicted steam drop size to potassium drop 
size is shown for various criteria. It is evident that the steam drop 
will always be larger and will in general not differ from the potassium 
drop very greatly. This is of some importance to the designer, but does 
point out the need for eventually testing with fluids other than water 
to determine the influence of fluid parameters. 
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TABLE 7 
DROP-SIZE CORRELATION WITH POTASSIUM 
Criterion
Ratio of Drop 
Sizes (water/ 
potassium) 
(We) 
crit K 1.086 
1.16 
(We)
cr it K(—) 5.240 
(We)	 = 
cr it
K(Ma) 116 1.132 
2/
3 (We)= 
crit
U/i D )
K- (0' 2.685 
K MD	 u  7/6	 L 1/6 (We)
crit (T 	 x 1.878 5b2/3 
/ We 
(_1/21 = K 1.028 Re	 /	 crit 
(WeRe) 
crit = K 1.115 
(Re)	 = 
cr it K 1.147
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TEST RESULTS 
In an attempt to confirm some of the analytical predictions, tests were 
run in the test turbine over a range of vapor conditions. The range of 
tests used is listed in Table 8. Actual recorded data are presented in 
the appendix. For each test point, the loop and test turbine were stàbil-
ized to ensure repeatable results. Data were recorded by the techniques 
discussed above, although Fastax photography was used most extensively. 
Results obtained will be reviewed here. 
SURFACE COLLECTION 
The turbine stator fabricated for this program had six different blade 
shapes machined into it for the purpose of comparing the effect of blade 
geometry on drop generation (Fig. 12, 13, and 11). Tests were made over 
a range of conditions (Table 8) and with all six blade shapes. Data were 
obtained and recorded. 
Comparison of Fastax films taken shows very little discernable difference 
because of geometry. This is mainly due to the lack of quantitative data 
which can be obtained. Films taken when the blade with the large nose 
radius is used seem to show more frequent shedding of drops, but a quanti-
tative evaluation has not been possible. The effect of turning the blades 
does not appear to produce a noticable change. Use of the droplet counting 
probe will probably increase the amount of data for evaluation, but this 
has not been done so far.
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TABLE 8
TT CONDITIONS 
Test Conditions 
Inlet Outlet 
Test
Pressure, Pressure,
Inlet 
Blade Series
psia psia
- 
-
Quality, 
- - - - - 
Shape No. 10 15 20 23 3 7	 110 percent 
114.A X X 99.5 
B X X 99.5 
C X X 99.6 
D X X 99.6 
F X X 99.4 
113G X X 98.6 
H X X 99.3 
I X X 99.4 
J X X 99.3 
K X X 99.4 
L X X
-
99.' 
109A X X 99.3 
B X X 99.6 
C X X 98.6 
D X X 99.3 
E X X 98.2 
2 F X X 99.5 
G X X 98.2 
H X X 99.5 
110A X X 99.3 
C X X 99.3 
D X X 99.3 
112A X X 99.1 
B X X 99.3 
C X X 99.2 
D X X 99.8 
E X X 99.6 
3 F X X 98.5 
G X X 99.0 
H X X 99.2 
I X X 98.9 
j X X 98.9 
K X X 99.1
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TABLE 8 
(Concluded) 
Test Conditions 
Inlet Outlet 
Blade
Test 
Series
Pressure, 
psiu 
- - -
Pressure, 
p513 Inlet Qua  lity, - - 
Shape No. 10 15 20 23 .3 7
--]10 percent 
11 5A X X 99.5 
B X X 99.5 
X X 99.5 
D X X 99.5 
4 E X X 99.5 
F X X 99.2 
G X X 99.4 
H X X 99.6 
I X X 99.1 
J X X 99.2 
K X X 99.2 
116A X X 99.6 
B X X 99.5 
C X X 99.6 
D X X 99,6 
5 E X X 99.7 
F X X 99.4 
G X X 99.4 
H X X 99.7 
I X X 99.4 
J X X 99.1 
K X X 99.5 
108A X X 99.2 
B X X 100.0 
C X X 99.3 
D X X 99.8 
6 E X X 99.7 
F X X. 99.5 
G X X 99.9 
H X X 99.8
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DROPLET PROPAGATION 
It has been of extreme interest to this program to observe the actual 
movement of drops within the turbine stage. Experimental results reported 
in Ref. 1 had shown the drops to be significant, being the result of accumu-
lation of liquid on stator surfaces followed by stripping and accelera-
tion. Repeated observation made it clear that the damage potential pre-
sented by these drops was much more significant than it is in a large 
vapor power plant because of the relative sizes involved. In the power 
plant, the damage is confined to the outer quarter of long blades, while 
in the smaller machines under consideration for space use the whole blade 
is subject to damage. Furthermore, the smaller size provides less room 
for droplet acceleration, breakup, and removal prior to impingement. Accel-
eration provides a faster moving drop with a more favorable velocity vector; 
breakup results in smaller, less damaging drops; and removal prevents ero-
sion by eliminating the cause. 
Much of the analytical effort has been expended in attempts to define the 
potential drop sizes, and the possibility of secondary breakup and atomi-
zation. Because damage is obviously related to drop size, it is highly 
desirable to ensure the smallest drops and to encourage breakup of large 
drops if they form. The analytical considerations have already been dis-
cussed in a previous section of this report. 
Freshly nucleated drops will be extremely small (<1 micron) and will not 
be of consequence. The larger drops (>25 microns) have now been observed 
and will be discussed below. Drops less than 25 microns in diameter can-
not be measured with the data acquisition equipment being used, but these 
will be of lesser importance in the evaluation. 
Much of the analysis is based on data generated from considerations relative 
to droplet formation in aerosol sprays and in injectors. These drops assume 
a spectrum of sizes and those drops which are larger than some critical 
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diameter, break up because of secondary atomization. A number of criteria 
which govern this breakup have been discussed in the section on Analytical 
Correlations. A typical set of test data taken from Fastex film are pre-
sented in Fig. 7. The data with their range of repeatability are shown 
for various inlet pressures at varying exhaust pressure. At low exhaust 
pressure, the drops are large, decreasing as the exhaust pressure is 
raised. In Fig. 65, a number of criteria are shown plotted on similar 
coordinates for an inlet pressure of 20 psia. To make the curves compar-
able, the undetermined constant of proportionality has been chosen to pro-
duce a drop approximately 80 microns in diameter at an exhaust pressure 
of 7 psia (corresponding to the available test data)*. By comparing the 
test data to the curves, it is evident that the data trend agrees best 
for the three curves labeled 
We	
1.16 65 (Ma)	 7/6	 1/6 
K	 (/D(Pv['\ 
Pouchot (i.e., We =
	 2/3 r,	 ) 
b 
Re = 18 
Fair agreement exists for the curve labeled 
WeRe = 25 
In Fig. 75, the test data (as taken from the appendix) are compared to 
the three equations for all inlet pressures. The agreement is good. 
From these data, it might be concluded that the Weber number equals a 
constant criteria is not good enough, a conclusion reached in Ref. 2. 
However, it is not evident which of the three criteria matching the data 
are to be used. Comparison of the three is instructive. Because the 
*Excëpt for the two Weber-number-equals-a-constant curves where the con-
stant is used as published in the reference literature. 
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fluid and the geometry being used are the same in each instance, the 
value of the physical properties (except vapor density) does not vary 
very much.. 
By comparing values in Table 5, it is evident that when 
We = 65 (Ma) 
1.16
 
D	
i	 1 
crit
V 
and when Pouchot's criterion is used 
D	 —K" 1 
crit	
P U0.833 
V 
and when
Re	 =18 
Dit	
,,, 
- 
the reason for the similarity of the curves is evident. To determine 
which one has the strongest influence, a test with a fluid of different 
properties would be required. 
By utilizing the data presented, however, some confidence can be gained 
that the analyses done to date have validity. The equation employed by 
Pouchot in his model appears to be valid because the correlation is good. 
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SECONDARY FLOW IN TURBINE STATOR 
Secondary flow fields are known to exist in the blading of turbines. The 
condensation occurring in the test turbine offers a unique opportunity to 
observe these fields. Figure 76 shows streakline patterns developed on 
the plastic window behind the stator blades. Flow paths are clearly visible. 
These paths show that the tip flow separates from the suction surface prior 
to reaching the tip. It is postulated that this effect is caused by the 
three—dimensional interaction of wall boundary layers. Wall boundary 
layers will be transported towards the suction—surface side of the stator 
passages under the influence of pressure gradients; blade—surface boundary 
1aers, and boundary layers that accumulates nearblade tips, will be 
transported radially inwards (Fig. 77a). 
Overturning in the end wall boundary layer results from the imposition of 
the mainstream static pressure gradients upon the low momentum boundary 
layer fluid. Probe surveys (Ref.30) show a tendency for all the stream-
lines in the wall boundary layer to converge to the same region and if 
the boundary layer is thin, flow radially inwards at the trailing edge 
wake, and if thick, to roll into a vortex as shown in Fig. 77b and 77c. 
When the turning is large enough, the outermost layer of the vortex may 
come from the boundary layer flow on the pressure surface that deflects 
onto the end wall and flows all the way across the channel until it reaches 
the suction surface. 
In the case under consideration here, the flow is complicated by the ex-
istance of a tip—clearance vortex which is formed by the leakage of gas 
across the trailing edge tip under the pressure gradient which exists be-
tween the pressure and suction sides of the blade. The superposition 
of the two vortices may account for the peculiar flow pattern observed 
at the blade—tip wall during the tests. The tip clearance vortex appears 
to displace the passage vortex, as shown in Fig. 77d. Visibility of the 
flow pattern is made possible by the local condensation on the window. 
An estimate of the thickness of the boundary layer has been made and it 
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a, Overall View 
b. Closeup View

Figure 76. Stator Flow Patterns 
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was found to be about 0.004 inch thick. Complete analysis of the com-
plicated three-dimensional pattern existing at the junction of the blade 
and the end wall has not been attempted. 
WAKE EFFECTS 
The influence of the wake region on the formation of droplets has always 
been recognized as a major factor. There the velocity is low and the 
velocity gradients are large. A relatively complete analysis is presented 
in Ref. 30. 
Pictorial evidence to corroborate this influence has been obtained in this 
program. Because of the small blade sizes (as compared to power station 
blading) the wake influence is probably much more important. Droplets 
can be expected over the complete length of the wake (hub to tip) which 
is not the case in the power stations. 
Figure 78 shows a stream of drops in free flight (photographed through 
the heated tube) which follow the wake path very closely. This type of 
result is understandable because the majority of drops appear to originate 
from puddles forming on the trailing edge of the blades. Figure 79 shows 
a shadowgraph of one of these puddles during breakup. 
The wake region existing near the stator tip is considerably emphasized 
when a plastic window is used. The existance of the window fog clearly 
defines the wake. Figure 80 is a series of pictures for a range of ex-
haust conditions. In these pictures there is no second-stage rotor being 
used. Secondary flow patterns within the wake are clearly evident in the 
first two photographs. These indicate the swirl patterns postulated in 
Fig. 77. In the fourth picture, the pressure ratio has been reduced to 
a point where the velocity is very low (500 ft/see) so that the wake 
patterns have been reduced. 
It is evident from the results being observed that the influence of the 
wake on the presence of drops is large. Reduction of trailing edge thickness 
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Figure 79. Droplet Stripping From Trailing Edge 
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a.	 Inlet 1)1(1 1 (, psia	 15.0 
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Exhaust pressure, psia	 6.2 
Jigurc 80. Wake Patterns 
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C. Inlet pressure, psia
	 15.0 
Exhaust pressure, psia
	 8.2 
d. Inlet pressure, psia
	 15.0 
Exhaust pressure, psia
	 10.2 
Figure 80. (Concluded) 
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should provide some help, although the practical limit is being approached 
in these designs. The wake effects are also influencedby secondary flows 
which cannot be eliminated completely. 
I-VITIV 4 04 iI 
The specially designed rotor wheel described in the section on Rotor Blade 
Shapes was tested with wet steam to observe the effects of nearly normal 
drop impact. The conditions of test were: 
Pressure, psia
Inlet 
Quality,
Wheel 
Speed, Duration, Turbine Turbine 
Inlet Interstage Outlet percent ft/sec hours 
21.0 7.4 2.2 99.7 250 9.0 
21.4 7.7 2.4 99,7 300 9.0 
21.0 75 2.4 97.0 300 9.0
No damage was observed for any test except the highest wetness case. In 
this test, very minute traces of erosive damage were observed, although 
the indications were not strong enough to make quantitative evaluation 
possible. These tests were terminated at the end of the program. Longer 
duration evaluation is suggested for future testing. 
Photographic records were obtained of some of the drop impacts. Figure 
81 shows a number of successive frames taken from a Fastax film moving 
at 3000 frames/seconds. Individual drops as small as 180 microns in di-
ameter are clearly visible, as are the rotor blades. The largest drop 
is about 500 microns in diameter. In Fig. 82, two enlargements of the 
second frame are shown. A cluster of drops moving into the blade row can 
be identified easily. Also visible is a cloud of very small droplets 
directly over the nose of a blade which appear to be the result of an 
impact.* 
*Reproduction of these photographs in the report causes a loss of defini-

tion of detail and does not match the quality of the original pictures. 
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Test 119E 
Inlet Pressure, psia 	 9.4 
Exhaust Pressure, psia 	 3.8 
Inlet Quality, percent	 99.5 
Figure 81. Sequence of Pictures Showing 
Drop Impact 
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Figure 82. Enlargements of Figure 81
-
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Several turbine test blades that had been used early in the erosion pro-
gram, (described in Ref. 1), were sent to the Jet Propulsion Laboratory 
for inspection of the eroded areas with a scanning electronmicroscope. 
A number of the micrographs are presented in Fig. 83 through 91. These 
micrographs show both eroded and undamaged sections of the blade. 
Figures 83 through 87show pictures of a hard aluminum blade. The major 
erosion takes place in the soft material along the dendrite boundaries 
as indicated by the arrows in Fig. 8. The remaining portion of the 
surface which consists of sharp peaks and valleys in the undamaged state 
shows a rounding and washing effect in the eroded state. Figure 87 shows 
a small inclusion. 
Figures 88 through 91 show sections of a soft aluminum blade. Use of this 
blade was limited to 25 hours because of the very rapid erosion of the 
boundaries between large grains. Figure 88 shows the undamaged section; 
Fig. 89 shows an eroded section at the intersection of four large grains. 
Figure 90 and 91 show how the soft material was removed leaving a relatively 
smooth crater.
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Figure 83 . Electronmicrograph of Blade Surface; 
Hard Aluminum Blade (Undamaged, 112X) 
Figure 84. Electronniicrograph of Blade Surface; 
Hard Aluminum Blade (Eroded, 102X, 
90—Hour Exposure) 
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11 I Figure 85. Electronmicrograph of Blade Surface; Hard Aluminum Blade (Undamaged, 550X) 
Figure 86. Electroninicrograph of 
Blade Surface; Hard Aluminum 
Blade (Eroded, 510X, 90-Hour 
Exposure) 
Figure 87. Electronmicrograph of 
Blade Surface; Hard Aluminum 
Blade (Eroded, 2040X, 90-Hour 
Exposure)
;	 V 
Ar -10	 All 
Figure 88. Electroninicrograph of Blade Surface; 
Soft Aluminum Blade (Undamaged, 115X) 
Figure 89. Electronmicrograph of Blade Surface; 
Soft Aluminum Blade (Eroded, 11OX, 
25—Hour Exposure) 
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Figure 90. Electroumicrograph of Blade Surface; 
Soft Aluminum Blade (Eroded, 550X, 
25-Hour Exposure) 
Figure 91. Electronmicrograph of Blade Surface; 
Soft Aluminum Blade (Eroded,2200X, 
2 5-Hour Exposure) 
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FLUID SELECTION SURVEY 
Tests conducted so far have been concerned with the influence of turbine 
geometry and test fluid state on the formation of droplets in the turbine 
stage. As these data are assimilated, it will be necessary to determine 
the influence of critical fluid properties on the phenomena of droplet 
formation, propagation, and size limitation. 
To study these effects in greater detail it would be desirable to conduct 
tests with a fluid other than water. A survey has been conducted of pos-
sible test fluids. Attention is being li-mited to fluids which exhibit 
reasonable pressures at room temperatures so that later experiments can 
be conducted with ease. Their properties are being evaluated so that 
effects can be correlated. 
There appear to be two principal mechanisms of droplet formation: the 
nucleation process which forms droplets in the submicron size range in 
the free stream, and the stripping process where droplets are stripped 
from the blade trailing edge and from the fluid film existing on the blade 
surface. 
The nucleation phenomenon (especially as related to associating vapors) 
has been investigated by Dr. Joseph Katz at the North American Science 
Center and has included a large number of fluids (Ref. 31). Dr. Katz's 
data include a large class of fluids for which he has conducted cloud 
chamber experiments verifying his data. He has supplied Rocketdyne with 
data for the following series: methanol, ethanol, propanol, butanol, and 
for pentane, hexane, heptane, octane, nonane, and decane. He has studied 
the supersaturation phenomenon as it applies to these vapors. 
For comparison, data on water and mercury are also available. Table 9 
shows typical numbers from the analytical program for these fluids. It 
can be seen that quite a range of values is available for the study of 
the supersaturation influence.
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TABLE 9 
SUPERSATURATION CHARACTERISTICS OF VARIOUS FLUIDS 
Fluid
Equilibrium 
Pressure, 
mm Hg
Surface 
Tension, 
dynes/cm
Density, 
gm/cc
Required 
Pressure* 
mm Hg Supersaturation 
Methanol 363.0 20.41 0.766 516.3 1.422 
Ethanol 189.6 20.65 0.766 318.4 1.679 
Propano.1 76.9 21.54 0.782 156.9 2.041 
Butanol 28.1 21.93 0.789 69.6 2.475 
Pentane 1082.1 13.09 0.599 1801.1 1.664 
Hexane 361.5 15.59 0.634 769.5 2.128 
Heptane 124.3 17.43 0.661 340.8 2.743 
Octane 43.4 19.07 0.689 155.7 3.585 
Nonane 15.3 20.34 0.697 74.2 4.852 
Decane 5.4 21.36 0.711 35.2 6.503 
Water 79.0 68.43 0.990 205.1 2.597 
Mercury 0.01 479.83 13.483 9424.5 898,216.522
*Pressure required for homogeneous nucleation of 1 drop per cubic 
centimeter per second.
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To investigate droplet formation by stripping, an investigation has been 
carried out to find fluids other than water. The effects of surface ten-
sion, viscosity, and density upon droplet formation and critical size 
will be reviewed. It is proposed to use the existing test equipment and 
this imposes certain restraints upon the choice of fluid. Therefore, a 
fluid whose boiling point is similar to that of water is desirable. The 
fluid must not be an explosion hazard, be corrosive or be extremely toxic. 
To date, the theoretical investigation has concentrated on finding a non-
dimensional group which will give correlation between critical droplet 
size, turbine exit pressure, and pressure ratio. As discussed before, 
these groups yield critical drop diameters listed in Table 5 . It is 
evident that droplet diameter will be affected if vapor density, viscosity, 
and surface tension are changed. Care has to be taken to get a significant 
change in their ratio and/or product as required. For example, if the 
Reynolds number is significant, /,/Pv must be changed; for the Weber num-
ber, 
'/Pv is important. 
A list of candidate fluids which have been considered is shown in Table 10. 
The fluids are divided into the following groups: 
Hydrocarbons 
Alcohols 
Halo carbons 
Miscellaneous. 
It is seen that all the fluids have a low surface tension compared with 
water. The fluids which give a strong contrast to water in respect to 
the ratio of saturation vapor density to viscosity are n-hexane and toluene 
in the hydrocarbons, ethanol and propanol in the alcohols, carbon tetra-
chloride in the halocarbons, and ethyl ether and ethyl acetate in the 
miscellaneous fluids.
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Of the above fluids, n-hexane and toluene seem to offer the best contrast 
of properties with water commensurate with availability and convenience 
of handling. The halocarbons, FC-77 and FC-3 may also offer good prop-
erties but investigation of boiling point properties is required. 
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CONCLUSIONS AND RECOMMENDATIONS 
The second phase of a program to investigate variables in turbine erosion 
has resulted in test data 'which have been correlated with analysis done 
at the Westinghouse Astronuclear Laboratory. Considerable background in 
understanding the origin and nature of the droplet formation has also 
been obtained due to the numerous high-speed photographic films obtained. 
In addition, data acquisition techniques have been advanced for this type 
of program. 
It has been found that, within the limitations imposed by the use of only 
one test fluid, the equation proposed by Pouchot 
K 
	
7/6 
(We)	 S 2/3 (LD)
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	 (_L)'/'
 
cr it
b 
can be used to predict drop size in the turbine. Drop origin due to liquid 
collected can be correlated with areas of secondary flow and separation. 
Characteristics of the wake are also important. A turbine in which these 
are minimized should show less erosive damage. 
An extensive review of the analytical data pertaining to droplet propaga-
tion and secondary atomization shows little fundamental agreement between 
many investigators. The nondimensional parameters of interest have been 
reviewed and their applicability to test data shows that the method of 
breakup will have an influence on the results. 
It is recommended that 'work be continued in correlating test data with 
the equations proposed by Westinghouse. In addition, the test turbine 
available as part of this program should be used to study flow problems 
such as the influence of secondary flow, wakes, and separation, and to 
define shapes by which adverse geometric effects can be avoided. The 
study of the existance of supersaturation and the location of the reversion 
point can also be done.
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Data acquisition techniques developed and used are very promising. The 
possibility of the use of holography to record data over the volume behind 
the stator should be investigated. 
Because fluid—property influence remains undertermined with tests conducted 
with only one fluid (water), tests should be planned with other fluids. 
Either n—hexane or tolerance appear to have appropriate properties. 
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APPENDIX A 
TEST DATA 
The test matrix set for this program are given in Table 8. Actual 
measured values obtained during the tests are given in Table A—i together 
'with measured drop size 'where available. 
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